line ultraviolet (UV) detection is employed [1] . Several strategies have been adopted to overcome these disadvantages, e.g. the use of an internal standard and of extended-path length capillaries [1] .
CE is a continuously growing field with its theory, instrumentation and applications remaining highly active areas of research. The newest and most exciting developments have been reviewed recently [8] . Theoretical aspects of CE, CEC, microchip electrophoresis (MCE) as well as their practical implementation and method development have been thoroughly reviewed in the past decades and will not be discussed in this paper. The interested reader is referred to articles [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] for background information on the abovementioned techniques and modalities.
Carbon nanotubes
Carbon nanotubes are an example of the myriad novel nanostructures developed in the past two decades. Carbon is an astoundingly versatile element in its ability to bond in various ways to create materials having very diverse properties. Apart from the two main carbon allotropes, graphite and diamond, a wide variety of new carbon nanostructures have emerged recently, including spherical fullerenes, carbon nanotubes, cup-stacked nanotubes, nanohorns, nanotori, nanobuds and nanoonions [18] .
Carbon nanotubes were isolated and characterised for the first time in 1991 by the Japanese electron microscopist Iijima who was studying the carbon clusters deposited on the cathode during arc-discharge synthesis of spherical fullerenes [19] . Basically, a carbon nanotube is a hollow cylinder of carbon atoms. A single-walled carbon nanotube (SWNT) can be described as a sheet of graphene rolled into a seamless cylinder preserving the honeycomb lattice of graphite. The ends of the tube are often capped by a hemispherical, fullerenelike structure. SWNTs are divided into three classes, namely armchair, zigzag and chiral nanotubes, based on their chirality or twist which involves the direction of the graphene hexagons around the axis of a nanotube. Multi-walled carbon nanotubes (MWNTs) have a more complex structure, comprising two or more concentric, cylindrical shells of graphene sheets coaxially arranged around a central core. The number of shells varies from one to more than fifty with the inter-layer spacing equal to that in graphite. The structure of SWNTs and MWNTs is shown in Fig. 1 .
Arc-discharge [21] , laser ablation [22] and chemical vapour deposition [23] have been the three foremost methods used for carbon nanotube synthesis. While the former two techniques produce entangled nanotubes mixed randomly with by-products, the latter can grow vertically-aligned nanotube arrays at controllable locations and with desirable orientations on surfaces [24] . Unfortunately, none of the three synthesis methods generates bulk materials with homogeneous diameters and chirality. In addition, the yields from these procedures vary from fifty to ninety per cent, with the superfluous secondary products being a mishmash of carbonaceous material including amorphous carbon, graphite and fullerenes, and metal catalyst residues. These by-products prompt cumbersome, multi-step and time-intensive post-synthesis purification stages. Interestingly, CE has demonstrated its potential for separating and purifying carbon nanotubes from impurities and fractionating them by size and/or length [25] [26] [27] . Characterisation of nanotubes is done utilising a range of microscopic and spectroscopic techniques, including high-resolution transmission electron microscopy, scanning electron microscopy, scanning tunnelling microscopy, atomic force microscopy, infrared spectroscopy and Raman spectroscopy [28, 29] .
The unique structure of carbon nanotubes imparts a remarkable combination of physicochemical properties including a high aspect ratio, excellent structural rigidity and flexibility, large surface area, and high thermal conductivity. Furthermore, SWNTs can be metallic or semiconducting depending on their chirality. Onedimensional, ballistic conduction has been proposed, enabling nanotubes to carry high currents with fundamentally no heating [30] . However, the formation of carbon nanotubes with predetermined conductivity or the effectual, post-production separation of metallic and semiconductive tubes remains a challenge. Some physical and chemical methods appear promising such as functionalisation with diazonium salts [31] and alternating-current dielectrophoresis [32] . Finally, carbon nanotubes are usually described as chemically inert. Nonetheless, oxidation of nanotubes with e.g. a mixture of sulphuric and nitric acid can lead to surface functionalisation with oxygen-containing groups such as carboxyl, carbonyl and hydroxyl moieties, paving the way for covalent sidewall connection of other molecules [33] . On the other hand, adsorbing compounds to nanotubes via non-covalent forces turns out to be simple. Numerous substances including gases such as oxygen, nitrogen dioxide and ammonia, small organic molecules, surfactants, polymers, carbohydrates, nucleic acids, peptides and proteins have been adsorbed to nanotubes [34] [35] [36] [37] [38] [39] [40] [41] [42] . Carbon nanotubes present a marked tendency to aggregation and are intrinsically hydrophobic; these two features hamper their straightforward manipulation in aqueous environment.
In recent years, carbon nanotubes have attracted substantial theoretical and experimental interest owing to their exceptional properties, with research areas encompassing (nano)electronics, (bio)sensors, microscopy and the analytical field. Examples of the latter include their use in solid-phase extraction [43] and as stationary phase in LC [44] and gas chromatography (GC) [45] . Some excellent reviews on the synthesis, structure, properties and applications of carbon nanotubes have been published in recent years [29, [46] [47] [48] [49] [50] [51] [52] [53] [54] and the reader is encouraged to consult these references for further information and examples.
Recently, carbon nanotubes have found use in CE, CEC and MCE as well. The utility of various nanoparticles such as polymer, zirconia, titanium-oxide, gold, silica and molecularly imprinted polymer nanoparticles, in these fields has been discussed previously by a number of authors [55] [56] [57] [58] [59] , but generally carbon nanotubes are only touched upon briefly in these papers. Capillary electrokinetic chromatography (EKC) based more specifically on carbon nanoparticles has been addressed in 2009 [60] . The aim of the present paper is to provide an up-to-date overview and critical discussion of the various ways in which carbon nanotubes have been exploited in CE, CEC and MCE thus far, and to highlight some recent applications. Utilisation of carbon nanotubes in sample preparation techniques such as solid-phase (micro) extraction and detectors, for instance as electrode material in electrochemical detection, combined with CE will not be discussed. This review covers three main sections related to CE, CEC and MCE, respectively, and concludes with a future outlook. Table 1 presents a schematic overview of papers describing the use of carbon nanotubes in CE. Specific items and applications from these papers are discussed below.
Carbon nanotubes in capillary electrophoresis

Addition of carbon nanotubes to the background electrolyte
The majority of the papers reporting the application of carbon nanotubes in CE describe the addition of nanotubes to the BGE of a particular CE mode. Several authors have pointed out the hurdles that impede straightforward use of carbon nanotubes as a buffer additive. As mentioned in the introductory part, the hydrophobicity and propensity to aggregation of pristine carbon nanotubes hinder their dispersion in aqueous buffer systems typically employed in CZE. The third, non-covalent procedure for nanotube dispersion relies on complexation of the nanotube with amphiphilic aggregate systems such as surfactants, polymers, carbohydrates and nucleic acids. Upon noncovalent dispersion, ultrasonic agitation is a prerequisite in order to separate the highly entangled nanotube aggregates and achieve wrapping of each individual nanotube. For most applications, non-covalent methods are preferred over procedures involving acid-reflux or covalent attachment, since the former usually preserve the intrinsic structure and properties of the nanotube. One important caveat deserves to be mentioned here: it has been shown that extended high-power sonication can be detrimental to the nanotube structure by inducing cutting of nanotubes and sidewall defects [27, 65] . Thus, it is advised to apply mild sonication procedures when dispersing carbon nanotubes. Most recent papers dealing with the use of carbon nanotubes in CE employ surfactant-coated nanotubes [66] [67] [68] . Often surfactants are utilised at high concentration in order to ensure stability of the nanotube dispersion subjected to the electric field. When the surfactant concentration is above the critical micellar concentration (CMC), the addition of carbon nanotubes to the BGE can be considered an extension of MEKC. The group of Valcárcel has coined the term MiNDEKC (micellar nanoparticle dispersion electrokinetic chromatography) for this CE mode. The potential of adding surfactant-coated SWNTs to MEEKC systems has been studied recently [69] : the final BGE was prepared by mixing heptane, sodium dodecyl sulphate (SDS), 1-butanol, sodium tetraborate and SWNTs. The same group has systematically investigated dispersions of SWNTs in various anionic, zwitterionic and neutral surfactants as additives in MEEKC [70] . An in situ synthesised surfactant system combining a long-chain alkyl acid with an organic base was proposed for the purpose of reducing the high operating current, typically observed when using elevated concentrations of charged surfactants. Finally, one recent paper shows that a high surfactant concentration is not a requisite for successful application of pristine carbon nanotubes in CE [71] . Here, MWNTs were dispersed in sodium dodecylbenzene sulphonate at a concentration below its CMC value. Furthermore, the results indicated that high concentrations of surfactant and/or MWNT were unfavourable to the separation.
Compatibility with detection
The use of carbon nanotubes in CE is not only constrained by their dispersibility, but also their compatibility with the detection system. UV detection is the most commonly employed detection mode in CE. Carbon nanotubes can interfere with UV and fluorescence detection due to their black colour, intrinsic UV absorption, and scattering occurring in concentrated nanotube suspensions. Hence, the maximum amount of nanotubes that can be added to the BGE is limited. The threshold nanotube concentration can be expected to depend on a number of factors, including the type of nanotube used, the dispersion procedure, the composition of the BGE and the detection wavelength. When the threshold concentration is exceeded, baseline noise will increase considerably. All but one paper on the application of carbon nanotubes in CE describe the utilisation of UV or fluorescence detection. Several authors comment on interference of the nanotubes with the detection system and report maximum nanotube concentrations, ranging from 0.0032 mg mL -1 for SDS-coated SWNTs and MWNTs [68, 72] , over 0.02 mg mL -1 for carboxylated MWNTs [73] , to 0.8 mg L -1 for MWNTs dispersed with sodium dodecylbenzene sulphonate [71] . Clearly, the assessment of compatibility and threshold value remains to be determined on a case-by-case basis. Carbon nanotube-containing BGEs have rarely been combined with other detection systems. One group has evaluated the applicability of a portable CE system with contactless conductivity detection, incorporating carboxylated MWNTs into a BGE containing polyvinylpyrrolidone [74] . Remarkably, the authors noticed less fluctuation of the buffer conductivity and thus a more stable baseline upon nanotube addition (Fig. 2) . To date, the compatibility of buffers containing carbon nanotubes with mass spectrometric detectors has not been investigated.
An elegant way of circumventing a possible interference of carbon nanotubes with the detector is to employ partial filling of the capillary, which was first suggested for SDS-coated SWNTs by Suárez et al. [68] . In this technique, a highly concentrated nanotubecontaining zone of a certain length is introduced into the capillary prior to the injection of the sample. The carbon nanotube zone should be sufficiently short for the analytes of interest to reach the detector before the nanotube zone. Predominantly, low-extension partial filling is applied, with the length of the nanotube zone being similar to that of the sample zone. This mode virtually permits very high nanotube concentrations to be utilised; in practice, though, the dispersibility of such high concentrations in the buffer will be a limiting factor. Partial filling with a highly concentrated nanotube zone can be combined with a BGE containing nanotubes in a lower concentration. Application of low-extension partial filling with SWNTs and MWNTs has been reported to boost the resolution and increase the sensitivity owing to sweeping phenomena [66, 68, 72] . Of note, partial filling does not always lead to beneficial results. One paper reports attempting partial filling with a highly concentrated solution of surfactant-coated MWNTs and found that it had a negative influence on the resolution and sensitivity [71] .
Interaction of carbon nanotubes with analytes
Upon addition of carbon nanotubes to a CE buffer, novel interaction sites for the analytes are created and the selectivity of the system can be altered (Fig. 3) . The exact interaction mechanism, however, often remains to be elucidated and most likely different aspects are involved. If the simple situation of adding carboxylated carbon nanotubes to a CZE buffer is considered, one would expect the formation of a pseudostationary phase analogous to cyclodextrin-and micelle-phases in chiral CE and MEKC, and thus the effective conversion of the CZE mode into EKC. The analytes can interact with the pseudostationary phase at the carbon sidewall, for instance through π-π stacking, van der Waals forces or the hydrophobic effect, and/or at the functional groups of the nanotube, via ionic interactions or hydrogen bonding. During the first studies with carboxylated carbon nanotubes, though, it was noticed that the electrophoretic behaviour of the analytes was only affected when the amount of nanotubes in the BGE reached a certain level [62, 63] . At concentrations below the critical value little change in electrophoretic parameters was discerned, whereas at higher concentrations each supplementary increase in nanotube concentration caused a commensurate rise in the migration time of the analytes. These observations made the authors hypothesise that carbon nanotubes at a given concentration assemble into a network with small pores and definite pore diameters that can be penetrated by the analytes during electrophoresis. The network would then exhibit molecular sieving properties much like a polymer network. In reality, electrophoretic mobility is most likely determined by a combination of molecular sieving and interaction with the pseudostationary phase. As MolinerMartínez et al. have pointed out [60] , some factors such as nanotube structure, orientation and aggregation have rarely been considered in carbon nanotube-based EKC, let alone been studied in depth. It would for instance be interesting to assess the influence of nanotube diameter on separation performance, as carboxylated nanotubes are open tubular structures amenable to penetration by the analytes and the diameter can be expected to impact on this process. When the running buffer contains both carbon nanotubes and polymers, a double or composite network is formed with each individual network displaying its own specific properties and contribution to the separation. A novel, improved composite matrix consisting of a flexible quasi-interpenetrating polymer network and a rigid MWNT network has been developed for DNA sequencing [64] . The addition of MWNTs rendered the matrix more restricted and stable, and increased its apparent molecular weight. Another group showed that a combined polyvinylpyrrolidone-carboxylated MWNT network was able to offer additional sieving ability, favouring separation of DNA fragments, and at the same time increased the mobility of the analytes due to electrostatic repulsion [74] . At high MWNT concentrations the repulsive effect dominated, resulting in a faster separation but poorer resolution.
When surfactants or surfactant-coated carbon nanotubes come into play, aggregation of nanotubes into a network is less likely to occur, although entanglement cannot be ruled out completely. Indeed, the very purpose of surfactant addition upon carbon nanotube dispersion is to impede nanotube re-aggregation in order to achieve a stable suspension. Therefore, enhancement of separation can in this case mainly be attributed to the abovementioned interactions between analytes and nanotubes, with a substantial contribution of the surfactant and/or micelles. In addition, a modification of the size, shape and charge of the original pseudostationary phase by the nanotubes can affect its electrophoretic mobility and hence that of the solutes. The same reasoning applies to carbon nanotube-MEEKC systems. It is worth mentioning that nanotubes have also been suggested to augment the permeability of oil droplets in MEEKC leading to an increased mass transfer between oil and aqueous phase, and thus narrower peaks [69] . Interestingly, surfactant-coated carbon nanotubes have shown potential as chiral selectors resolving enantiomeric mixtures of ephedrines [72] . Ultrasonic agitation was established as a crucial way of introducing chirality in the nanotubes and MWNTs were proven more capable than SWNTs in resolving the analytes.
It has been emphasised that carbon nanotubes, contrary to other types of nanoparticles, possess a delocalised aromatic surface, making them particularly suitable for separating aromatic compounds or other substances capable of interacting with aromatic systems [60] . Unfortunately, systematic studies and comparisons with respect to the use of carbon nanotubes in CE have hitherto scarcely been published. Analysis of a mixture of nucleotides with a surfactant-coated MWNTcontaining buffer indicated that substances with more electron-withdrawing groups interact more strongly with the easily polarisable wall of the MWNTs [71] . In this study, the adsorption affinity correlated poorly with hydrophobicity. Nucleotides with a pyrimidine base having a flat and electron-acceptor structure displayed the highest affinity towards the MWNTs. Surfactant-coated SWNTs, MWNTs and spherical fullerenes were systematically compared with regard to their application as pseudostationary phase in EKC [66] . Phenolic compounds, triazines and nitroimidazole derivatives functioned as model compounds of aromatic molecules, π-exceeding heteroaromatic substances and π-deficient heteroaromatic analytes, respectively, and their electrophoretic behaviour was monitored in detail. The authors concluded that SWNTs are apt to ameliorate the separation of phenolic compounds, while MWNTs are most suitable for enhancing the selectivity in case of π-exceeding aromatics. Conversely, the interactions between π-deficient aromatic substances and nanotubes, though succeeding in shifting the electrophoretic mobility of the analytes, did not suffice for improving the resolution. The same group has later compared the adequacy of utilising another carbon nanostructure, carbon nanohorns, to that of SWNTs for the analysis of water-soluble vitamins [75] . The analyte mixture was completely separated in the SWNTcontaining BGE, whereas two vitamins co-migrated when nanohorns were used.
Effect of carbon nanotube addition
In general, the incorporation of carbon nanotubes into the BGE aims at enhancing the separation of the analytes investigated by affording new interaction points. The outcome of a nanotube addition on peak resolution depends strongly on the type of analyte, nanotube and dispersant used. For instance, an increase in migration time, peak width and resolution as well as a decrease in peak height of homologous purines and catecholamines was observed upon addition of carboxylated SWNTs to a CZE running buffer (Fig. 4) [62] . On the contrary, a similar procedure failed to improve the separation of structural isomers of dihydroxybenzene. Upon comparison of MWNTs coated with Triton X-100 and carboxylated MWNTs as buffer components, it was shown that the latter were much more effective in increasing the resolution of purine and pyrimidine bases [63] . Several authors have reported carbon nanotubes as improving peak shape and symmetry (Fig. 5) [62, 70, 71] . Regarding carboxylated SWNTs, the beneficial effect was ascribed to the anticonvective properties of the nanotube network that minimise solute diffusion and band broadening. On the other hand, carboxylated SWNTs can cause serious deterioration of the peak shape in carbon nanotube-modified MEEKC [69] . The electro-osmotic mobility usually declines when carboxylated nanotubes are added to a simple CZE buffer [62, 63] . Of note, an enhancement of the resolution is not always rooted in a direct interaction of analyte and nanotube. Na et al. devised a strategy for separating clenbuterol enantiomers using MWNTs modified with a single layer of β-cyclodextrin [67] . Here, the nanotubes served as a large surface area platform enabling better contact and interaction between the chiral selector and the solutes. The performance of four different kinds of nanoparticles was evaluated, and the improvement was most pronounced for the MWNTs, owing to their stereoporous interfacial layer and largest surface area.
Applications where carbon nanotubes are not added to the background electrolyte
Up to this point, all applications involve the dispersion of carbon nanotubes into the BGE with a view to enhancing the resolution. Two papers, however, report alternative uses of carbon nanotubes in CE and deploy a different strategy. The first paper describes the exploitation of the large surface area and adsorption capacities of nanotubes for on-capillary sample clean-up [76] .
A solution containing 0.05 mg mL -1 of carboxylated SWNTs prepared in buffer was injected into the capillary just before the sample was introduced. In this way, the capillary is only partially filled with a nanotube zone, while the BGE does not contain any nanoparticles. The SWNTs retained matrix interferences allowing the determination of carbohydrates in juice samples. The proposed method was statistically comparable with a method based on off-line filtration of the sample through diatomaceous earth and subsequent electrophoretic determination. It was observed that SWNT concentrations higher than 0.07 mg mL -1 brought about capillary clogging problems and that the baseline increased around 19 min due to the SWNTs reaching the detector.
The second paper was published recently by our group and constitutes a rather unusual approach [77] . The utility of MWNTs to decrease the interaction between cytochrome P450 enzymes and the capillary wall during in-capillary enzymatic incubation was explored. Protein adsorption to the inner capillary surface is an important issue in CE as it can alter capillary properties and ultimately even lead to capillary blockage. Owing to their high affinity towards proteins, the presence of MWNTs in the capillary could interfere with enzyme adsorption to the wall. Instead of incorporating nanotubes into the BGE, the tubes were added to the sample vial in order to exert their effect during the in-capillary incubation, where adsorption is most likely to arise. An in-capillary assay was developed and the detrimental consequences of enzyme adsorption on capillary lifetime were confirmed. Addition of MWNTs suspended in Brij 35 to the sample entailed appreciable improvement of migration time and peak shape repeatability, indicating interaction between nanotubes and enzymes taking place. Of note, a decrease of analyte adsorption to the capillary wall has also been put forward by several authors to explain the beneficial results in terms of peak shape and repeatability obtained upon carbon nanotube addition to the BGE [62, 64] .
Carbon nanotubes in capillary electrochromatography
Given their porosity, a large surface area available for adsorption and affinity towards a wide variety of compounds, carbon nanotubes are appropriate candidates for acting as the stationary phase in LC, GC and CEC. As far as the application of carbon nanotubes in CEC is concerned, (Fig. 6) . First, nanotubes were treated with sulphuric acid and hydrogen peroxide to increase their dispersibility. Subsequently, SWNTs were suspended by sonication in 2-propanol and added directly to the monomer mixture as a porogen. A fusedsilica capillary was pre-treated, silanised and flushed with a polyethyleneimine solution. In this way, the inner surface of the capillary was coated with covalently bound polyethyleneimine. A neutral monolithic stationary phase was then prepared inside the capillary by in situ co-polymerisation of vinylbenzyl chloride and ethylene dimethacrylate. The final step consisted of hydrolysing the benzyl chloride moieties to benzyl alcohol groups. A large increase in surface area along with a modest increase in pore size as well as changes in electroosmotic mobility and conductivity were observed compared to a control column devoid of SWNTs. The electro-osmotic flow generated allowed separation of a peptide mixture in the counter-directional mode. The integration of SWNTs improved peak efficiency and the observed changes in migration order of the peptides demonstrated that the electrochromatographic retention was influenced. Both superior retention factors and enhanced separation efficiency were accomplished by the incorporation of SWNTs. More recent reports related to carbon nanotube stationary phases in CEC all seem to favour an alternative approach to monolithic CEC, that is opentubular CEC. Rather than filling the capillary with a stationary phase, the stationary phase is attached to the capillary wall either covalently or via physical adsorption. Since only the capillary wall is coated and the internal lumen of the capillary does not contain any stationary phase, materials with extremely large surface area are required in order to enable sufficient interaction between the solutes and the column. Non-covalent methods are generally simple and swift procedures, and permit removal and replenishment of the coating at will. On the contrary, covalent functionalisation schemes can be intricate and time-consuming, but provide a more robust attachment onto the capillary surface. Only one paper describes non-covalent open-tubular CEC with carbon nanotubes [79] . The capillary was pre-coated with a positively charged poly(diallyldimethylammonium chloride) polymer promoting subsequent adsorption of carboxylated SWNTs. The SWNT layer could be stripped off by rinsing the capillary with sodium hydroxide solution, while the polymer layer remained intact. The electro-osmotic flow was cathodic although the amplitude was somewhat diminished and less pH dependent compared to the untreated capillary. A baseline resolution of seven aniline derivatives was obtained with the SWNT-coated capillary. A dual separation mechanism was suggested, namely a combination of ionic attraction between the solutes and the charged moieties of the nanotubes, and hydrophobic interactions between the benzene rings and the nanotube surface. The SWNT-coated capillary could be used for 220 repeated analyses without compromising its performance.
The covalent attachment of carbon nanotubes has been more popular in open-tubular CEC. Carboxylated MWNTs have been immobilised onto a fused-silica capillary by a process successively involving silanisation of the capillary inner surface, the introduction of an amino group, coupling of glutaraldehyde, and carbodiimidemediated connection of MWNTs [80] . The electroosmotic flow direction indicated that the immobilised capillary was negatively charged. The separation performance was evaluated using a mixture of nonsteroidal anti-inflammatory drugs, β-lactam antibiotics and chloramphenicol. Incorporating MWNTs resulted in an enhancement of the electrochromatographic characteristics. The efficient separation was suggested to accrue from interactions taking place between the hydrophobic moiety of the analytes and the nanotube surface. Furthermore, the presence of MWNTs in the capillary resulted in a sensitivity improvement with respect to optimised methods described in literature. The capillary was stable for about sixty runs. Interestingly, a rinsing procedure with a fresh solution of MWNTs completely regenerated the capillary. Though some variation in migration times was observed upon evaluation of the capillary-to-capillary repeatability, highly reproducible results among runs, days and capillaries were attained. Later, an identical immobilisation scheme and MWNT-coated capillary were used for the determination of melatonin in wine, grape skin and plant extracts [81] . Again, a sensitivity enhancement and highly reproducible results were observed.
The use of carbon nanohorns was compared to SWNTs as stationary phase in open-tubular CEC [75] , utilising the previously mentioned immobilisation procedure. The treatment with nanohorns created a layer of this material on the surface of the fusedsilica capillary, in contrast with the network generated by the SWNTs. The electrochromatographic features and electro-osmotic mobility of the carbon nanohorn stationary phase were similar to those obtained by the SWNT-immobilised capillary. The latter capillary did not enhance the separation of the target analytes and gave rise to substantial background noise. Conversely, the carbon nanohorn stationary phase succeeded in separating the analytes completely, and the baseline disturbance was reduced.
One group has been very active in the field of open-tubular CEC based on the covalent attachment of carbon nanotubes. In their first paper the abundant double bonds of the nanotube structure were utilised to covalently bind MWNTs to the capillary wall [82] . Various MWNT materials including untreated and carboxylated MWNTs were anchored to a silica hydride-modified capillary by hydrosilation (Fig. 7) . Prior to interaction with the nanotubes, the capillary surface was etched and silanised. The reaction protocol leads to a stable silicon-carbon bond between the capillary and MWNT. Carbon-atom pentagons at the curvature points in the nanotube were presumed to be involved in the π-bonds that break during the polymerisation reaction. A mixture of nucleosides and thymine was analysed to examine the existence of an electrochromatography mechanism. It was suggested that in addition to π-π interactions, hydrogen bonding, hydrophobic and electrostatic interactions could also contribute to the chromatographic retention. The addition of an organic modifier to the running buffer illustrated a reversed-phase mechanism as well.
Subsequently, the same group published three analogous papers featuring advancements regarding the nanotube stationary phase [83] [84] [85] . In all three papers, the preparation procedure of the column is provided in detail and each time appears to be rather time-consuming. Each new type of capillary is compared to the previously synthesised capillaries. The relative contributions of electrophoresis and chromatography to the CEC mechanism are always assessed and the interactions between a variety of probe solutes and the bonded phase identified. The capillary fabrication was evaluated on every occasion by measuring the electroosmotic mobility and shown to be quite robust. First, a composite phase containing immobilised nanotubes was synthesised by in situ polymerisation of carboxylated MWNTs using butyl methacrylate as the monomer and ethylene dimethacrylate as the cross-linker on a silanised capillary [83] . The in situ approach was reported to form a porous polymeric layer with more functional ligands loaded on the column versus the stepwise approach, the latter only affording a monolayered phase. Second, a stationary phase was prepared by in situ polymerisation Owing to the complex functionality of MWNTs on the hydrophilic polyacrylamide network, the capillary was capable of separating samples with a wider range of polarity and dissociation properties, compared with the hydrophobic butyl methacrylate matrix. Finally, the bulk monomer butyl methacrylate was co-polymerised with the ionisable monomer mono-(2-(methacryloyloxy)ethyl) succinate and MWNTs by ethylene dimethacrylate crosslinking (Fig. 7) [85]. Two new phases were synthesised to verify the role of the bulk monomer and the suitability of the ionisable monomer to concomitantly act as a bulk monomer. Butyl methacrylate was found to expedite the formation of a thicker polymer phase which held more bonding linkages with the ionisable ligands and offered stronger non-polar interactions with the analytes. Butyl methacrylate functioned as a nanotube-binder as well and constructed an inhomogeneous phase where isolated MWNTs realised more π-π interactions with the analytes than the MWNTs bound to the ionisable monomer.
Carbon nanotubes in microchip electrophoresis
Thus far, the application of carbon nanotubes at the microchip level is restricted to the fabrication of nanotubecontaining stationary phases for MCE. A literature survey established that there are no publications regarding the simple addition of carbon nanotubes to MCE running buffers. Basically, the procedures for construction and anchorage of the stationary phase are similar to those mentioned in the previous section. Applications of carbon nanotubes in MCE are summarised in Table 2 . One group has reported the integration of carboxylated SWNTs conjugated with bovine serum albumin in poly(methyl methacrylate) microfluidic chips [86] . The functionalisation of SWNTs with protein was based on carbodiimide-activated amidation of the nanotube carboxylic acids. After initial chip surface modification, a layer of silane functional groups was introduced onto the plastic surface, and the conjugates were subsequently entrapped by a silica sol-gel process. Laser-induced fluorescence measurements of the in situ fluorescence from the labelled proteins indicated that the nanotubeprotein conjugates were stably immobilised in the microchannel, contrary to proteins without conjugated SWNTs subjected to an analogous protocol. The stationary phase was proven suitable for on-chip chiral separation with bovine serum albumin acting as the chiral selector. The performance of the microchip was evaluated by analysing tryptophan enantiomers which were monitored with end-column amperometric detection. A successful separation was achieved in less than seventy seconds, and the enantioselectivity was retained for about fifty separations. MCE notably differs from CEC in one aspect that is related to stationary phase attachment: direct growth of carbon nanotubes, in particular MWNTs, in a microchannel by chemical vapour deposition is rather straightforward, whereas in CEC it is not viable. Besides, the growth location and alignment as well as the properties of the stationary phase can be controlled through catalyst patterning. Since the laminar flow is generally better maintained in such well-aligned nanostructures, band broadening is decreased. Hence, most authors have opted for the advantageous direct-growth approach. Goswami et al . report the design of patterned MWNT channels by two methodologies [87] . The channels were etched in quartz chips using photolithography and wet etching. The first approach consisted of preparing vertically aligned MWNTs by a water-assisted chemical vapour deposition process. Iron-aluminium solid catalyst was deposited by thermal evaporation and subsequent nanotube growth was carried out using an ethylene source. The second protocol involved physical masking of the chip using kapton/stainless steel followed by chemical vapour deposition with a xylene source and ferrocene catalyst. A mild plasma treatment introducing carboxyl groups on the nanotube was each time performed in order to generate an electro-osmotic flow. Electron microscopic images showed that the MWNTs grew only in a region of approximately one centimetre length in the channel, limiting the separation capability of the system. The MWNTs using the iron-aluminium catalyst resulted in a more uniform distribution; this chip was further characterised by electro-osmotic flow measurements and proof-of-concept separation using thiourea as an unretained marker and the peptide tryptophan-tryptophan as a hydrophobic analyte.
Vertically aligned MWNTs have also been grown in electrically insulated microfluidic glass channels [88] . An amorphous silicon layer was utilised both for anodic bonding of a glass lid needed to hermetically seal the glass channels, and for de-charging of the wafer during plasma-enhanced chemical vapour deposition of nanotubes. The synthesis process employed nickel catalyst and acetylene-ammonia chemistry. The authors anticipated that the flexibility of the MWNTs could lead to bending during fluid flow. Therefore, the selected nanotube length was larger than the channel depth to ensure that the major part of the fluidic channel would be filled with MWNTs during chip operation. In addition, it was pointed out that MWNTs cannot be used as a continuous layer in microfluidic channels without shortcircuiting the separation column, when the field strength is more than several hundreds of volts per centimetre. Thus, nanotubes were patterned by UV lithography as hexagonal pillars, and structures, resembling the porous particles that are used in commercial LC packings, were obtained (Fig. 8) . The ability of the device to support electro-osmotic pumping and the fluidic behaviour were evaluated by performing standard electrophoretic separations of a mixture of fluorescein and 5-carboxyfluorescein. Due to the inherent electrical conductivity of the nanotubes, it was only possible to apply an electric field strength of around one hundred volts per centimetre before a bubble formation was observed in the column, which severely limited the use of the system. The plate heights did not increase from the middle to the end of the column, indicating that a nearly unperturbed flow profile through the separation channel was accomplished. The same authors later solved the electric field limitation by optimising the length, height and spacing of the carbon nanotube pillars [89] . The electric field strength that could be applied across the column vastly increased to several kilovolts per centimetre. As a first demonstration, two coumarin dyes were separated.
In situ growth of MWNTs has been applied in MCE to obtain a column with directional and homogeneous nanostructures [90] . MWNT-microchip fabrication involved a number of standard photolithography, microfabrication and chemical vapour deposition processes. Prior to chip bonding, the MWNTs underwent an oxygen plasma treatment for functionalization with carboxylic groups or, alternatively, were coupled to 1-pyrenedodecanoic acid for surface modification. The electro-osmotic mobility of the plasmacarboxylated MWNT channel was larger than that of the 1-pyrenedodecanoic acid-modified MWNT array. The electrophoretic characteristics were verified using a fluorescent dye and, interestingly, the dye zone was concentrated while passing through the MWNT array. As a result, a fivefold reduction in band broadening was obtained, compared to the CE channel. A sample consisting of DNA fragments was analysed using a low electric field and small internal diameter to limit the Joule heating effect. The chromatographic efficiency of the 1-pyrenedodecanoic acid-modified MWNTs was better than that of the plasma-carboxylated MWNTs. Reproducible results were obtained as the same experimental conditions were applied to three different chips from the same microfabrication process.
Finally, an MCE device with a gradient hydrophobic MWNT stationary phase was developed for separation of biomolecules [91] . After in situ MWNT growth by chemical vapour deposition, 4-azidoaniline was employed for nanotube surface modification by a photochemical reaction through a gradient light filter. The compound reacted with the sidewall functional groups at defect sites of the MWNT array by UV light excitation at 254 nm. The microchip was used for separating fluorescently labelled proteins with different hydrophobic characteristics. To verify the separation efficiency, the cover layer was afterwards lifted for mobile phase evaporation and a matrix was sprayed onto the proteins for matrix-assisted laser desorption/ ionisation-time of flight-mass spectrometric analysis. Using this approach, the detection limits were in the order of femtomoles.
Conclusions and future perspectives
Since 2003, when the first application of carbon nanotubes in CE was reported [62] , the number of research papers on nanotube incorporation into CE, CEC and MCE has steadily risen to about thirty. Although the field is still in its infancy, some general principles can be inferred from these initial studies. In CE, the analyst focusing on the enhancement of the separation essentially has to choose between the addition of carboxylated or surfactant-coated carbon nanotubes to the BGE. Based on published data, it seems that the former are preferred when a molecular sieving effect is envisaged, for instance for the separation of DNA fragments and related biomolecules. The latter appear more appropriate for small molecule separations. Apart from achieving efficient dispersion of carbon nanotubes, the combined use of surfactants and nanotubes has the advantage of providing multiple interaction sites for the analytes during electrophoresis and enhances the versatility and separation power of the CE system. However, a rational method development using carbon nanotubes is impaired because of the lack of systematic studies. In all, there are only a few papers describing the use of nanotubes in CE and within these reports systematic evaluations are scarce. Whether or not carbon nanotubes would offer an advantage over other nanoparticles and which type of nanotube and dispersant would be most pertinent for a particular separation or analyte, remains a matter of conjecture. When additional papers and more information become available, an acceptable paradigm for method development with carbon nanotubes will be expanded upon.
Various paths in carbon nanotube-mediated CE are worth (further) exploring. The range of analytes investigated thus far is rather small, considering the innumerable substances that have been shown to interact with or adsorb onto carbon nanotubes. The analysis of inorganic ions as well as peptides, proteins and carbohydrates is a largely unexplored area so far, but seems very promising from a theoretical point of view. In addition, the premature findings with respect to the ability of nanotubes to act as chiral selectors are worth further consideration and study. The field would also benefit from some mechanistic and/or modelling studies in order to elucidate the principles and mechanisms governing separations where nanotubes are involved. The two more unusual publications on applications that do not comprise nanotube addition to the BGE illustrate that carbon nanotubes cannot only be employed for improvement of the separation, but also for different purposes.
In CEC, the basic options of nanotube-containing stationary phase creation and/or attachment have been investigated. There seems to be a trend towards covalent anchorage of the stationary phase to the capillary wall for open-tubular CEC. As previously discussed, a rational selection of the type of carbon nanotube stationary phase suited for a particular separation is at this point unfeasible. The incorporation of carboxylated carbon nanotubes is most interesting as they allow different types of interactions including hydrophobic, ionic and hydrogen bonding between analyte and stationary phase to take place simultaneously. In any case, the availability of carbon nanotubes extends the range of CEC stationary phases. Similar remarks apply to MCE, though direct growth of the nanotubes in the microchannel is the most popular fabrication scheme in this case. This strategy opens up the interesting possibility of specific stationary phase design, for instance into micropillars, for optimal interaction and fluid flow. The microchip format itself is relatively new and more carbon nanotube-related publications can be expected as the domain evolves. Analogous to CE, a variety of compound classes have not been studied using CEC or MCE.
Finally, the authors would like to comment on the role of carbon nanotube synthesis and purification. Advancements in this field are pivotal to bridge the gap between research and practical implementation of the techniques mentioned above. Currently, nanotubes with particular properties, e.g. diameter, chirality and surface modification, cannot be produced. Commercially available nanotubes not only contain an assortment of differently sized tubes, but also non-nanotube byproducts and residues. Nanotube heterogeneity might have significant implications during any kind of analytical application in terms of repeatability and reproducibility of the obtained results, as different batches of the same manufacturer or nanotubes from different manufacturers are utilised. On the other hand, each carbon nanotube with a different dimension and/or functionalisation usually exhibits different sorption, dispersive and electronic properties. This implies that nanotubes represent an incredibly diverse pool for researchers, from which the nanotube tailored to a particular application should be sought. Undoubtedly, the full potential of all of these nanotubes has not yet been exploited.
